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Abstract. The volume changes undergone by corn (Zea mays L.) mitochondria suspended
in solutions of constant or varying osmolarity were studied. Within the range of osmotic
pressure from 18 to 8.4 atmospheres, corn mitochondria behave as osmometers, if allowance
is made for an osmotic ‘‘dead space” of about 6.9 ul/mg protein. The final equilibrium volume
of mitochondria swollen in solutions containing both ribose and sucrose were shown to depend
upon the concentration of impermeable solute (sucrose) present and not upon the concentration
of ribose present. Osmotic reversibility was found for mitochondria swollen in isotonic
solutions of KCIl or ribose. The passive swelling of corn mitochondria may be due to the
osmotic flow of water coupled to the diffusion of a permeable solute.

The swelling-contraction characteristics of plant
mitochondria have been well documented (6,9, 11,
13,16). Swelling (water influx) occurs when the
mitochondria are transferred from sucrose to iso-
molar solutions of KCl; upon the addition of an
oxidizable substrate, such as NADH or malate-
pyruvate, or ATP they contract (water efflux). Plant
and animal mitochondria appear to be different in
that plant mitochondria will swell passively and
contract actively whereas animal mitochondria swell
actively (substrate dependent) and contract when
the system becomes anaerobic. Recently there has
been a suggestion that these seeming differences may
be the result of preparation procedures (1,5).

It is known that the inner compartment of animal
mitochondria behaves as an osmometer (2,12,15).
Sucrose is the osmoticant commonly used and can
penetrate the outer but not the inner mitochondrial
membrane (2,12).

Corn shoot mitochondria are commonly isolated
in 04 M sucrose. Experimental observations are
usually conducted in electrolyte solutions. Since
sucrose is a non-penetrating molecule but electrolytes
slowly penetrate the membranes of plant mitochon-
dria, the transfer from sucrose to electrolytes could
result in osmotic shock. If the membrane is not
semipermeable, diffusion of salts will occur. The
importance of these osmotic phenomena in plant
mitochondrial reactions is not known.

This study elucidates the effect of permeable and
impermeable solutions on the passive swelling of
corn shoot mitochondria.
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Materials and Methods

Mitochondria were isolated, with a procedure
similar to that of Kenefick and Hanson (8), in the
cold form from 100 g (fresh wt) of 3 and one-fourth
day etiolated corn shoots (Zea mays L., WF9 X
M14) by grinding in an ice cold mortar with 250 ml
of 0.4 M sucrose, 0.02 M tris-HCI, pH 7.5, 0.005 M
EDTA. The slurry was filtered through cheesecloth
and the mitochondrial fraction collected by successive
centrifugation at 1000g and 10,000g for 10 min.
The mitochondria were then resuspended in a total
of 50 ml of 0.4 M sucrose, centrifuged at 1000g for
10 min and the suspension centrifuged at 10.000g
for 10 min. The pellet was resuspended with 0.4 M
sucrose, 0.02 M tris-HCl, pH 7.5 (about 10 mg
protein/ml) and the suspension stored on ice. All
isolation procedures were conducted between 0 and 2°.

This procedure is somewhat different from other
procedures for the isolation of corn mitochondria
(8) in that the mitochondria were not centrifuged
through a layer of 0.6 M sucrose. This was omitted.
since it was important to know the final osmolarity
of the solution in which the mitochondria were sus-
pended. However, no differences in swelling be-
havior were found when mitochondria isolated this
way were compared with mitochondria that had been
centrifuged through a layer of 0.6 M sucrose, or from
tissue that had been ground in a medium containing
phosphate buffer.

Measurements of water content were made by
centrifuging an aliquot of mitochondria in a lusteroid
tube for 20 min at 10,000g. The supernatant was
carefully removed and the bottom of the tube con-
taining the pellet sliced off. The tube plus wet
pellet was weighed, dried overnight at 105° and
reweighed. No correction was made for extra-
mitochondrial water or water between the outer and
inner membranes,
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A continuous record of the volume changes was
obtained by recording the percentage transmittance
(%T) at 520 mp of the mitochondrial suspension
which was placed in a water jacketed cuvette de-
signed for the purpose. All experiments were per-
formed at 25° in solutions buffered at pH 7.5 with
0.02 M tris-HCI, except where otherwise indicated.
Protein was determined by the procedure of Lowry
et al. (10), using bovine serum albumin standards.

The total intra- and extra-mitochondrial sucrose
accessible space was estimated using C-14 polyglu-
cose (New England Nuclear Corporation) as a
space marker (2). After centrifugation. the mito-
chondrial pellet was dissolved with 05 ml of 1 M
formic acid and the radioactivity measured on ali-
quots of the formic acid solution.

Theoretical Treatment of the Volume Changes.
Tedeschi and Harris (13) demonstrated that the
volume of rat liver mitochondria could be predicted by

Ve = Q + b (I)
1}

where It is the total volume of the mitochondria. P,
the osmotic pressure of the external medium, and b,
the osmotic “‘dead space”, (the volume of the mito-
chondria at infinite osmotic pressure of impermeable
solute). In an ideal osmotic system, the propor-
tionality constant, Q, is equal to mRT, where m
corresponds to the moles of osmotically active mate-
rial within the mitochondria, R to the gas constant
and T to temperature.

Since the outer membrane of the mitochondrion
appears to be permeable to sucrose (2, 12), equation
I will not necessarily predict the volume of the
osmotically active compartment, that enclosed by
the inner membrane. In order to predict the volume
of this compartment, it is necessary to take into
account the volume of intra- and extra-mitochondrial
water. Iquation IT includes both these factors,

0
Vi = Vi — (Ve + Vi) = tban

where I7.i corresponds to the sucrose inaccessible
space, Fes, to the extramitochondrial space and Visa,
to the intramitochondrial sucrose accessible space.

Assuming b to be constant, a plot of 7+ against
177 will be linear only if (I7. -I- I"w) is constant
or varies linearly with 7.

Consider a sphere bounded by a membrane that
is essentially freely permeable to water but imper-
meable to the solutes within the sphere. When it is
suspended in a solution of infinitely large volume
(relative to the volume of the sphere) containing a
mixture of permeable and impermeable solutes, the
permeable solutes will slowly diffuse into the sphere
along the concentration gradient. As the osmotic
pressure of the internal solution increases, there will
be a rapid osmotic adjustment as the freely per-
meating water (15) enters under the influence of
the osmotic pressure gradient. Expansion of the
sphere results from an osmotic flow of water coupled

to the diffusion of the permeable solute down the
concentration gradient.

It is convenient here to describe 2 such systems
in order to clarify the conceptual basis of the overall
system. Since the membrane is essentially freely
permeable to water, the system can be considered
to be at osmotic equilibrium at all times. Thus,

Pi = P. (11D
where the subscripts ¢ and o refer to the internal and
external solutions respectively.

In the case where the sphere is transferred from
a solution of impermeable solute to an isotonic solu-
tion containing both permeable and impermeable
solutes, at time zero,

pP: =P, + P. (1V)

where I’ and P’ refer to the osmotic pressures of the
impermeable and permeable solutes respectively. As
the permeable solute diffuses into the sphere. the
osmotic pressure of the internal solution increases
and thus water enters causing an increase in volume.
At equilibrium, the concentration of permeable solute
is the same on both sides of the membrane. Thus,
Pi 4+ P =P, + P (V)

A consequence of equation V is that the swelling
is not infinite, as it would be if no impermeable
solute was present, but is finite with the limit deter-
mined by Po.

In the case where the sphere is transferred from
a solution of impermeable solute to a hypertonic
solution containing the same concentration of imper-
meable solute but additional permeable solute. at time
zero,

Pi < Po + P (VI)

However, since water is essentially freely perme-
able, the sphere contracts rapidly until equation IV
holds. Thereafter, the sphere expands as the perme-
able solute enters, in a similar manner to the case
described above. At equilibrium, the sphere will
assume its original volume. This particular case has
been described by Johnson and Wilson (7) for sea
urchin eggs.

This study is principally concerned with the events
occurring after the minimum volume has been
reached. In the isotonic case, the minimum volume
corresponds to the initial volume.

Results

Centrifugation Time and Volume. Half ml ali-
quots of mitochondrial stock solution were suspended
in 4 ml of buffered 0.4 M sucrose or 0.05 M sucrose.
The mitochondrial suspensions were centrifuged at
10,0009 for increasing intervals of time. After 10
min of centrifugation the sedimentation of the mito-
chondria suspended in 0.05 M sucrose was complete.
In 0.4 M sucrose 20 min centrifugation was necessary
to obtain a constant pellet volume. The differences
in sedimentation behavior probably reflect the differ-
ences in the viscosity of the suspensions.
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In all other volume determinations, the mitochon-
dria were centrifuged at 10,000g for 20 min.

Volume and Transmittance Changes. One ml
aliquots of the mitochondria stock solution were sus-
pended in 8.0 ml of varying concentrations of sucrose
(0.4 M—0.05 M) and the resultant pellet volume deter-
mined from 7.0 ml of the diluted suspension. In a
parallel experiment, 1.0 ml of the diluted solution
was further diluted 1:8 with solutions of appropriate
sucrose concentration. Aliquots (2.5 ml) of this
were used to determine the A9T, relative to the
%T in 04 M sucrose.

The results of 3 such experiments are shown in
Fig. 1. There is a linear relationship between the
volume of the mitochondria and the A9%T, relative
to the %T in 0.4 M sucrose.

volume (ul./mg. protein)

6.0 1 1 L

1
4 8 12 16 20 24

4% Tgp0/mg protein

Fic. 1. The relationship between the volume of the
mitochondria and the change in 9, T (percent transmit-
tance), relative to the 9, T in 0.4 M sucrose. (Composite
results of 3 experiments)

Thus, a continuous record of the 9%T closely re-
flects changes in the volume of the mitochondria.

Behavior of Mitochondria in Solutes of Varving
Osmolarity. Mitochondria were suspended in solu-
tions of various osmolarities of sucrose (8.4-1.8 atm)
and their volumes determined.

The plot of reciprocal osmotic pressure against
volume (Fig. 2) reveals mitochondria do behave
approximately as osmometers within this range.
Extrapolation to infinite osmotic pressure yields a
value for the osmotic “dead space” of about 6.9 ul/mg
protein. At sucrose concentrations both above and
below these limits (8.4-1.8 atm) the mitochondria
did not behave as osmometers. These deviations
from osmotic behavior may have been due to lysis
at low ocmotic pressures (< 1 atm) and due to
collapse of the outer membrane under influence of
centrifugal force at the higher osmotic pressure

volume (U1./mgq. protein)

6 1 1 1 1 1 1

N .2 3 .4 5 .6

| /osmotic pressure (otmosphere-!)

F16. 2. The relationship between the volume of the
mitochondria and osmotic pressure over the range 1.8
to 8.4 atm.

(> 85 atm). It is also possible that some of the
deviations may have been caused by an elastic com-
ponent in the membrane. Bentzel and Solomon (2)
believe this effect is small.

Application of equation VII (table I), derived
from equation I, reveals that the mitochondria behave
as osmometers,

V., — b P,

_— = - (VII)

V, — b P,
where V', and V, refer to the volumes of the mito-
chondria in solutions of osmotic pressure P, and P,
respectively. A consequence of this finding is that
the sum of the terms Ves and Ve in equation II
must be constant, and can therefore be lumped as
part of the osmotic “dead space” b, as is done in
equation I.

Table 1. The Osmotic Behatvior of Corn Mitochondria
bt (osmotic “dead space”) = 6.9 ul/mg protein.
V,-b P,
v, v, P, P, V,-b P,
wul ul atm atm ratio ratio
84 9.9 5 2.5 0.5 0.5
8.8 10.6 4 2.0 0.5 0.5

In order to confirm this deduction, the total
extra- and intra-mitochondrial sucrose accessible
space in the pellet was determined, using C-14 poly-
glucose as a space marker. The difference in the
total polyglucose accessible space of the mitochon-
drial pellets isolated from solutions of 0.4 M and
0.05 M sucrose did not exceed 0.8 ul/mg protein.
Experiments with C-14 sucrose revealed the same
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value for the ratio of the total sucrose accessible
volume in the pellet to the total pellet volume as did
those performed with C-14 polyglucose. This indi-
cates that polyglucose is able to permeate the same
volume as sucrose. The value for the ratio referred
to above was found to be about 0.6, a figure that
agrees with the lower values of this ratio determined
by Malamed and Recknagel (12) for rat liver mito-
chondria. Bentzel and Solomon (2) obtained a ratio
of 0.7 in 0.2 M sucrose.

The reason why the sum of the terms Ve« and
Vi« appears to be constant is not immediately ap-
parent. If the mitochondria are centrifugally packed
in the manner of rigid spheres, then some 26 % of
the total pellet water is external to the mitochondnia
(2,4). A 2-fold increase in mitochondrial volume
will result in a 2-fold increase in the extra-mito-
chondrial water; i.e., Ve« doubles in value. Electron
micrographs of swollen mitochondria indicate that
Vi« becomes smaller as the mitochondria swell.
Fortuitously, perhaps, the changes in the 2 terms
ec and Visa offset one another such that the sum
remains constant.

Half ml aliquots of mitochondria were suspended
in solutions of KCI and ribose, containing 0.05 ™
sucrose and sufficient KCl or ribose to give a known
osmotic pressure. Standards containing various os-
molarities of sucrose were also prepared. The solu-
tions were allowed to equilibrate for 30 min before
volume determination. The results (Fig. 3) indicate
that ribose is not an osmoticant, since the equilibrium
volume was equal to that in 0.05 M sucrose. no matter
what concentration of ribose was used. This is as
predicted in equation V for a permeable solute.

The KCl plot indicates that KCl is a poorer
osmoticant than sucrose; i.c., some of the mitochon-
dria (approximately 350 9% ) behave effectively as if
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I'16. 3. The osmotic behavior of corn mitochondria
in sucrose @, KCl + and ribose A. The solutions of
KCl and ribose contained 0.05 M sucrose plus sufficient
KCI or ribose to give a known osmotic pressure.

A %Tg07/mg. protein

MINUTES

Fic. 4. The change in transmittance (an index of
volume) with time. 0.4 M ribose +, 0.4 a xylose O,
0.4 M glucose A and 0.4 M maltose @.

the KCI were an osmoticant.  Electron micrographs
(13) reveal that about 40 9, of the mitochondria
remain the same size in KCl as those in 0.4 M sucrose.
It is this portion of the mitochondria that behaves
cffectively as if KCI were an osmoticant.

The Behavior of Mitochondria in Solutes of Con-
stant  Osmolarity. Mitochondria were transferred
from a solution of 0.4 M sucrose to isotonic solu-
tions of various sugars. Fig. 4 illustrates the volume
changes (reported as A%T/mg protein) undergone
by the mitochondria. In this particular experiment,
the reaction was not allowed to run to equilibrium.

Fig. 4 shows that the rate of change of volume
increases as the molecular size decreases, a phe-
nomenon to be expected for nonelectrolytes if their
rate of uptake is in approximate proportion to the
olive-oil water partition coefficient as found for rat
liver mitochondria (2). These findings agree with
similar permeability data obtained from other types
of membranes (3).

Osmotic Rewversal of Ribose Induced Sielling.
If, indeed, the swelling of mitochondria is osmotic
in nature, then it should be reversed by increasing
the concentration of impermeable solute. Such an
osmotic reversibility has been demonstrated (9,11,
14, 16).

Half ml aliquots of mitochondrial solution were
pretreated for 30 min by suspension in solutions of
0.4 M sucrose, 0.05 M sucrose or 0.35 M ribose in
0.05 M sucrose. The concentration of the imperme-
able solute, sucrose, was then increased by the addi-
tion of 0.6 M sucrose in 0.35 M ribose to the tube
containing 0.35 M ribose in 0.05 M sucrose. The
final concentration of sucrose was then 04 M.
Volume measurements were made. The results
(table IT) demonstrate that the swelling in ribose is
osmotically reversible, as equation V would predict.
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Table II. The Osmotic Reversibility of Mitochondria
Swollen in Ribose

Pretreatment Treatment Rel. vol.

0.4 M sucrose 04 M sucrose 1.0

0.05 M sucrose 0.4 M sucrose 0.9

0.05 M sucrose 0.05 M sucrose 1.5

0.35 M ribose + 0.35 M ribose + 15

0.05 » sucrose 0.05 A sucrose

0.35 M ribose + 0.35 M ribose 4+ 0.9

0.05 a1 sucrosc 04 M sucrose

The Osmotic Reversal of KCl Induced Stwelling.
This experiment is identical to that described for the
reversal of ribose induced swelling except that
0.224 M KCl was used in place of 0.35 M ribose.
The results (table III) demonstrate that the swelling
in KClI is osmotically reversible by the addition of
impermeable solute, as equation V would predict.

Table III. The Osmotic Reversibility of Mitochondria
Swollen in KCl

Pretreatment Treatment Rel. vol.
0.4 M sucrose 0.4 M sucrosc 1.0
0.05 M sucrose 0.05 M sucrose 1.5
0.224 m KCI + 0224 m KCl + 13
0.05 M sucrose 0.05 M sucrose :
0224 m KCI + 0224 m KCI + 0.8

0.05 M sucrose 0.4 M sucrose

Discussion

Of the procedures commonly used in mitochondria
studies none is more critical than the relationship
between the volume of the mitochondria and the
change in ¢ transmittance at 520 mp. Fig. 1 indi-
cates that a linear relationship exists for volume
changes induced by altering the concentration of
sucrose. Earnshaw (personal communication) has
found a similar relationship for volume changes of
bean hypocotyl mitochondria, induced by suspension
of the mitochondria in solutions of KCl. The data
in Fig. 1 was not corrected for changes in refractive
index with changes in sucrose concentration.
Tedeschi and Harris (15) show that the relationship
between transmittance and refractive index is linear.
Correcting Fig. 1 for refractive index would only
change the slope, not the linear relationship.

The measurement of the mitochondrial pellet
volume includes extra-mitochondrial water. Thus
values for the mitochondrial volumes are over esti-
mated. This is reflected in the value for the osmotic
“dead space” of about 6.9 ul/mg protein. This
corresponds to over 90 9% of the pellet volume in
0.3 ™ sucrose (Fig. 3). If the mitochondria are
centrifugally packed in the manner of rigid spheres.

then some 26 % of the “dead space” is extra-mito-
chondrial water.

The behavior of corn mitochondria as osmometers
within the range of about 1.8 to 84 atm osmotic
pressure (Fig. 2). confirms for plant mitochondria
(11,16) similar observations with animal mitochon-
dria (2,12). It is not known if the deviations
outside this range of osmotic pressures are real
phenomena or experimental artifacts or both.

For an 8-fold change in the concentration of
sucrose (0.4 M-0.05 M), the mitochondria undergo
a volume change of about 1.5 to 2-fold. The large
variation in the volume changes is probably a re-
flection of the fact that the isolation procedure in-
cludes the manual grinding of the tissue, a step that
is not easy to standardize. That the mitochondria
do not also undergo an 8-fold change in volume, is
due to the magnitude of the osmotic “dead space”
(table I).

The principal purpose of this study was to eluci-
date the mechanism of passive swelling of mitochon-
dria. The results indicate that the volume changes
occurring in ribose represent a diffusion controlled
osmotic flow of water. Two facts point to this con-
clusion. Firstly, the equilibrium volume of the
mitochondria suspended in ribose depends not on the
quantity of ribose that has entered the mitochondria
but upon the concentration of impermeable solute
present (Fig. 3). This result is predicted from
equation V, which is based upon the equilibration of
the permeable solute across the membrane. Secondly.
the swelling in ribose is osmotically reversible by
increasing the concentration of impermeable solute
in the external medium.

The results for the KCl induced swelling and
contraction are essentially similar to those for ribose.
This leads to the conclusion that the swelling in KCl
is, likewise, a diffusion controlled osmotic flow of
water. However, the system in KCI is clearly not
as simple as that in ribose. Undoubtedly there will
be some Donnan effects. Furthermore, Fig. 3 sug-
gests that some 50 9, of the mitochondria behave as
if KCl were an osmoticant. The value of 309
agrees with similar values obtained by scoring elec-
tron micrographs of mitochondria swollen in KCI
(13). Either 50 % of the mitochondria are imper-
meable to KCl or possess a mechanism for the
“pumping out” of one or both of the ionic species.
It is known that plant mitochondria swollen in KCl
will contract upon the addition of an oxidizable
substrate (13).

Preliminary experiments not reported here indi-
cate that ribose swollen mitochondria will not con-
tract upon the addition of an oxidizable substrate.
If the metabolically induced contraction in KCl repre-
sents an osmotic efflux of water, as the results here
would suggest, then it must be caused by the efflux
of one or both of the ionic species present. If then
some 50 9 of the mitochondria retained sufficient
endogenous substrate during isolation, they would
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possess a mechanism for “pumping out” one or both

of the ionic species present.
in the contracted state.

They would thus remain
Support for this view comes

from the observation by Stoner and Hanson (13)
that the uncoupling agent, carbony1 cyanide M-chloro-
phenyl hydrazone (CCP) increases the rate of swell-
ing. CCP inhibits the metabolically induced con-
traction.
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